A well maintained road network is a must for the economic development and the well being of people in any country. Unfortunately, most developing countries do not poses such road networks. While the lack of funds is mainly to blame for not building new road networks and maintaining the existing ones the lack of proper monitoring and reporting system is a major contributory factor for the dilapidated condition of road networks in third world countries. A case in point is the road network in Sri Lanka; Sri Lanka has an extensive road network that spans the country and new roads are being built every day, yet even the roads in the capital city are not maintained properly. The lack of a monitoring and reporting mechanism is apparent in this case.
INTRODUCTION
A good, well maintained road network helps economic development of a country as well as the well being of its citizens. Vehicles consume less fuel on a well maintained road surface. Smooth movement of traffic on such a surface also cuts the traveling time and helps to reduce the otherwise wasted person hours. A good road network also helps to reduce the traffic congestion and this in turn helps to reduce the environmental pollution.
Unfortunately, most developing countries do not have well maintained road networks there by hindering the development of those countries. The lack of funds is certainly a factor that contributes to the deteriorated road networks, but the lack of proper monitoring and reporting systems is also a major contributor.
In Sri Lanka there is an extensive road network spanning the island. New roads are being built and the existing roads are being upgraded every day. However, we observe that even the roads in the capital city are in deteriorated condition ( Figure 1) . A tropical climate with two heavy monsoon seasons and the movement of heavy vehicles contribute to the dilapidated condition of the road surfaces. The lack of monitoring and reporting system delays the resurfacing and maintaining even when the funds are available. Availability of continuous monitoring system can help in two ways.
1. Triggering the maintenance system in to action before the road condition deteriorates beyond the acceptable level. A timely warning mechanism can reduce the cost of repairing. The maintainers can also take preventive measures and control the deterioration until proper repairing can be done.
2. Providing data to researchers to study how the road surface condition deteriorates. Such a study enables better planning of future networks.
Continuous monitoring of surface condition of a road network that spans thousands of kilometers is a complex resource intensive task. It is impractical to deploy a large number of sensors along the road network and it is also prohibitively expensive to use a purpose built vehicle mounted sensor system deployed just for this purpose. However, we observe that in Sri Lanka, as well as in many other countries, there is a public transport system that uses the road network extensively. The public transport buses are in a unique position to carry sensors to monitor the road surface condition. We propose to build a sensor network based on public transport network to monitor road surface condition. The public transport buses can easily carry commodity off the shelf wireless sensors that can be used for road surface condition monitoring. We are already developing a sensor network called BusNet [11] which uses wireless sensors mounted on public transport buses to monitor environmental pollution. The BusNet is extended to include sensors to monitor road surface condition.
In this paper we describe the proposed system to monitor the the road surface condition. First, we describe the BusNet and then we describe how we propose to extend the BusNet with acceleration sensors to monitor the surface condition.
BUSNET
BusNet is a sensor network initially designed to monitor environmental pollution using sensors mounted on public transport buses. In designing the BusNet for this initial application we realized that the same system can be used for road surface condition monitoring with just minor modifications and in fact that it is an ideal network for that purpose.
The design of the BusNet is based on the observation that environmental monitoring systems need a large number of sensor nodes spread over a large area to be effective. Citing a study by Arora et al. [1] , Tanenbaum et al. [9] note that the range of the thermal, humidity, infrared, and magnetic sensors are less than their radio ranges. The implication of this is that these systems require a large number of sensor nodes to collect data and to maintain the connectivity in order to transfer the data to collection centers. The SensorScope [2] project uses 110 sensors to cover an area of 1200x600m.
A sensor system that has a large number of sensors spread over a large area poses several problems.
• It would be quite expensive to build a system with a large number of sensors when each sensor is expensive. While sensor boards and motes are relatively inexpensive they are still quite expensive for a developing country.
• It is not easy to maintain and manage a system consisting of a large number of sensors. The regular replacement of batteries and replacement of faulty sensors are costly and labor intensive tasks. In addition, locating faulty sensors to replace them is not an easy task.
• Protecting a large number of sensors scattered throughout a large terrain is a daunting task. Sensors can be damaged by animals, heavy rains, and there is also a possibility of vandalizing.
We observe that most countries have a public transport system that spans the country. This is the case in Sri Lanka. Since most people cannot afford private vehicles there is a high demand for the public transport system. The bus and the train networks have central points (such as regional bus/train stations) from which regional transport networks span out. There are bus and train routes Figure 2 : BusNet System Architecture inter-connecting these regional stations as well as central hubs in major cities. This forms a large public transport network. In BusNet, we use several sensors mounted on the vehicles of the public transport system as a replacement for a network consisting of large number of sensors. These vehicle mounted moving sensors gather data that covers a large geographical area. When the buses arrive at bus stations, which also function as data collection centers, gathered data are transferred over a wireless link to the collection point. Data gathered in regional collection points are transferred to buses traveling between the regional centers and the main collection center. In this scenario the public transport system functions as a data delivery network as well as the data collection network.
We assume that the gathered data are not required in real time and this assumptions holds for the environment monitoring application as well as for the road surface monitoring application. Data collected for both these applications are used to study long term changes and the warnings triggered by the two systems do not require reactions from the interested/responsible parties within minutes or hours-both these applications are delay tolerant. Figure 2 depicts the architecture of the BusNet. The BusNet has three main components; Sensor Units, Sub Stations, and a Main Station.
BusNet Architecture
The sensor unit consists of a Crossbow MICAz mote [3] , and several sensor boards including a GPS sensor board. The sensor boards other than the GPS sensor board depend on the type of data to be gathered (temperature, carbon monoxide level etc.). This sensor unit will be mounted on top of a bus and it gets power from the battery of the bus. Other than getting power from the bus's battery we do not expect any cooperation from the bus driver or the bus operators. The sensors gather environmental data along the bus route. The collected data will be stored together with the GPS coordinates of the collection points. In the current prototype these data points will be stored in the memory of the sensor mote. However, we expect to connect a storage devise, such as a flash drive, to the sensor unit in future.
The sub stations are the collection nodes located at the regional bus stations. Regional bus routes span out from the sub stations. Buses going out and coming towards the sub stations collect the temperature and carbon monoxide levels at regular intervals and store them together with the GPS coordinates. Once they reach the sub station they transmit the data over a wireless network to the sub station. The sub stations route these collected data to the main station over the bus network. It uses buses going to other regional bus stations to send the data to the main station, and before reaching the main station the collected data may have to go through several sub stations, which act as routers.
Since we do not expect the cooperation of the buses other than carrying the sensor units on them, we cannot assume that buses will wait in the station until the completion of the data transfer. To handle this we are developing a protocol which prioritize the data transfer in application specific manner. In the environmental monitoring application the prioritization algorithm ensures that a larger area is covered. In this case, the sensor unit initially transfers the data collected at 1 Km intervals and next transfers data collected at 500 m interval and so on. It prioritizes the data based on the spatial coordinates so that the data collected over a large area is transferred first and only covers the points in between if the time permits. In addition to this, when there is more than one bus transferring data, the station must make sure that it collects data from all the buses in a round robin fashion to ensure that it collects data from all the routes fairly.
The proposed data transfer protocol does not stop to retransmit lost packets; that is, if a packet is lost its retransmission is delayed and retransmission starts only after the first attempt transmission of all the packets. Therefore, retransmission takes place only if the bus stays long enough to retransmit. Priority is given to the first attempt packets to ensure transmission of data to cover a large terrain as much as possible.
The main station is similar to the sub stations but it has a direct connection to the data processing center and it does not have to route data to other stations.
Advantages
The BusNet has several advantages over a traditional sensor network system and it solves the problems associated with large a number of sensors spread over a large terrain as follows.
• The BusNet uses few moving sensors as a replacement for a large number of sensors. This brings down the cost of the monitoring system.
• Since the sensors eventually come to a Sub Station or the Main Station, maintenance work such as battery replacement and the replacement/repairing of faulty sensors can be done at these stations.
• Buses are parked in secured areas when they are not in operation and this reduces the possible theft and damages to the sensors.
Limitations
BusNet also has several limitations. The data collected from few moving sensors obviously have a lesser degree of accuracy than the data collected using a large number of stationary sensors. We conjecture that the data collected from moving sensors can be extrapolated to obtain results that are closer to the ones obtained through stationary sensors. The monitoring system is restricted to an area adjacent to the roads serviced by the bus routes, but the environmental pollution is highest by the roads and cities and those are the areas that requires continuous monitoring. The limited coverage area of the BusNet is not a problem for the road surface monitoring system because the very roads that we want to monitor are being serviced by the bus network.
ROAD SURFACE MONITORING
The above described BusNet was originally designed to collect environmental data. However, in designing the BusNet we realized that it can easily function as a sensor network to monitor the road surface condition.
To monitor road surface condition the sensor motes are mounted with accelerations sensors in addition to the sensors that gather environmental data. The acceleration sensor boards are capable of measuring both the vertical and the horizontal acceleration. We conjecture that the normal component of the acceleration has a correlation with the road surface condition. An obvious example is that a bus going over a pot hole on the road. In this case there would be a significant change in the normal component of the acceleration.
In addition to the vertical acceleration the horizontal acceleration in the opposite direction to the movement of the vehicle, which indicates a decrease in the speed, also can be taken as an indication of worsening road condition in certain cases. For example, the bus has to reduce speed over a rough section of the road. This is a highly simplified view of the road condition monitoring system. The acceleration readings are affected by other factors. We describe them in Section 4.
The collected acceleration readings are transmitted over the BusNet to the central collection point at the Main Station. Data travel in vehicles in the BusNet and therefore it is a high latency network. Because of that the collection center does not get the data in real time. However, road condition deteriorates over a long period. Therefore, a few hours delay in sending out alerts is acceptable. In other words, this is a delay tolerant application and the the BusNet is an ideal network for it.
In the initial design, the buses transfer collected data in increasing level of distance granularity. The rationale for this is to transfer data to cover as much area as possible before the bus leaves a Sub or the Main Station. However, this transfer protocol has to be changed for the road surface monitoring application to transfer data points that indicate high level of road deterioration with high priority.
ESTIMATING THE SURFACE CONDITION
The task of the BusNet is to simply gather the data and transfer them to the collection point at the Main Station. The sensor units do not process data. However, the usefulness of the BusNet for road surface condition monitoring depends on the usefulness of the gathered data (acceleration) in estimating the surface condition. To address this issue we are currently developing an analytical model to estimate road surface condition based on the acceleration data. This model is developed with the help of the Department of Physics, University of Colombo.
As mentioned before the road surface monitoring system is based on our hypothesis that there is a direct correlations between the acceleration and the condition of the road surface. However, the acceleration readings are also affected by certain attributes of the vehicle that the sensor system is mounted on.
The suspension system of the vehicle has an impact on the acceleration readings. A good suspension system can dampen the impact of the road surface condition on the vehicle. The weight distribution of the vehicle also has a bearing on the acceleration. In addition the size of the tires also affect the impact of the road condition on the vehicle. For example, a vehicle with large tires may not even feel the impact of a pot hole on the road.
For any given vehicle it may be possible to factor out above mentioned attributes. We expect that this can be generalized for a given vehicle type, but obviously there would be a reduction in the accuracy of the interpolated results.
The sudden changes in the speed of the vehicle is also an indicator of the rough road surface condition. Drivers tend to slow down when they judge that the patch of road ahead to be a rough one. However, how soon they can take the decision to slow down depends on the vision of the driver as well as the experience. Therefore, the actual weight of the horizontal component of the acceleration on the roughness indicator depends on the skill of the driver.
We do not expect the system to give an exact measure of the condition of the road, but we expect that it would be able to indicate several discrete levels of deterioration. Our initial aim is to derive a reasonable estimator of road surface condition based on the acceleration values which can be easily measured by the sensor unit.
The impact of the road surface condition on the vehicle (and hence on its speed and the acceleration) depends on the complex interaction of several parameters. For example the impact of the visibility and the vision of the driver on the change of the speed and the direction of the vehicle is far too complex to be captured by an analytical model. With the understanding gained by developing the analytical model we intend to explore the possibility of using a neural network to estimate the roughness of the road surface based on the acceleration.
As mentioned before the sensor system does not process the data. The motes are not designed to perform heavy calculations. The sensor system simply reports the acceleration readings to the processing center over the BusNet. The data are processed at the processing center. However, the sensor units on the BusNet must be given the threshold value of acceleration that indicates significant deterioration of the road surface so that the data collection can be triggered by that value. Since the sensor unit is constrained by the memory available such a triggering point is needed to conserve the storage space.
CHALLENGES
The sensor should be able to withstand the tropical conditions of Sri Lanka-they are to be mounted on top of the buses. However, ruggedizing the sensor units is beyond the scope of this research and we will not consider this for the prototype we are designing. A real world deployment certainly needs a robust sensor unit.
We will have to face logistical problems in deploying the BusNet because we need certain amount of support from the authorities who manage the public transport system. In addition the data gathered would be useless unless the authorities responsible for maintaining the road system establishes a system to monitor the collected data and respond accordingly.
There are several limitations of the road surface monitoring system. The above description assumes that the vehicles drive over the deteriorated patches in the road. While it is not always possible, vehicles tend to avoid the rough surfaces and we miss the opportunity to detect the deteriorated surface. However, in such a situation there will be significant change in the horizontal component of the acceleration. While such a change in the horizontal components of the acceleration does not necessarily indicate a rough patch of road-it may indicate a traffic jam-a large number of such readings over time for a particular point in the road indeed indicates the possibility of deteriorated surface condition. Vehicles may not always be able to avoid rough patches and because of that it is also possible to get direct data about that location once in a while giving more confidence to the horizontal acceleration data.
As we mentioned before the impact on the vehicles traveling on rough surfaces is dampened by the suspension system of the vehicle. Even though it is possible to calibrate the sensor system for a particular vehicle, the suspension system also changes over time. Ideally, the system should be able to calibrate itself dynamically to account for such changes. One possibility is to do this calibration while the vehicle is on a patch of road of known surface condition. However, this would be a complex task and we assume for the time being that the change of the suspension system and other conditions of the vehicle occur over a long time period.
To interpolate the surface condition from the acceleration data we also have to take in to account the weight of the vehicle that the sensor system is mounted on. Since we are using the public transport system the weight of the buses vary widely depending on he number of passengers that they carry. Since we cannot measure the change of the weight of the vehicle due to this the interpolated results may vary in accuracy.
The vertical acceleration can also change because of the condition of the terrain on which the road is built. For example, a mountain road. However, we can expect a good road on such a mountain area to give gradually changing acceleration readings (very low frequency) and deteriorated road patches to indicate sudden sharp changes in speed.
These challenges and limitations open up several interesting avenues of research on moving sensors.
CURRENT STATUS
The data transfer protocol of the BusNet is implemented and currently it is under testing. However, the current implementation is tailored to gather environmental data. We plan to extend the protocol to suite the collection of road surface condition data.
We are in the process of gathering acceleration data on a stretch of road with plenty of rough patches. For the initial tests we used a sensor mote placed inside a car as shown in Figure 3 and 4.
The Figure 5 shows the horizontal and vertical acceleration of the vehicle on a rough patch of road plotted against the time. The acceleration data given in the Figure 5 are raw data collected from the motes. Two baselines given in the figure indicate the horizontal and the vertical acceleration readings when the mote was placed on a level surface in the same orientation as it was mounted on the vehicle. The increasing values above a base line indicate increase of acceleration towards one direction and the decreasing values below the baseline indicate increase of acceleration towards the opposite direction. The crosses along the y = 425 line indicate the rough patches or potholes as perceived by a passenger in the vehicle. The passenger pressed a key on the data collection terminal that we carried on the car to indicate rough patches. Because of the delays in the user response and also the delays in communicating with the mote we cannot expect the user indicated rough patches to exactly coincide with the corresponding acceleration values. We are inves- tigating better techniques to gather data on the rough patches. We have not yet acquired GPS sensor boards that can be mounted on the motes and currently we use GPS receivers connected to PDA's for our experiments. For this particular experiment we collected GPS data from a GPS enabled PDA. The data collection terminal collected acceleration data from the mote and the GPS data from the PDA. However, for better experimental results and for the real world deployment we require GPS sensor boards.
These are preliminary results and they indicate that there is a significant change in both the vertical and horizontal components of acceleration on rough road surfaces. We are in the process of collecting more data sets and developing an analytical model.
RELATED WORK
The DakNet [6] provides digital communication services to remote villages using buses as a mechanical backhaul [7] for data transfer. The use of buses in DakNet is purely for data transfer between Internet access points and Internet kiosks in villages. In BusNet the buses provide the means to transfer data and they also collect data-buses are the moving sensors.
Data MULEs [8] architecture uses mobile entities, including buses, to collect data from sensors deployed in an environment and ferry them to access points. In contrast the buses in BusNet are not simple ferries; they also carry the sensors and the are in fact the data sources.
DakNet and the Data MULEs are examples of delay tolerant networks [4] . They are proposed as solutions for the lack of better communication infrastructure. However, the BusNet is not proposed purely as a solution for the lack of communication infrastructure. Even if a good communication infrastructure exists the data collection and transporting buses in the BusNet are the most natural form of communication infrastructure for the road surface monitoring system. It provides physical security for the sensors, reduces the cost of deploying sensors, and also the simplifies the management and maintenance of the sensors.
In ZebraNet [5] Zebras carry collars that contain sensors and the collected data are transferred to other Zebras and collection points opportunistically. This is the system that is conceptually closest to the BusNet. However, there is a crucial difference between the ZebraNet and the BusNet. While ZebraNet is an ad-hoc opportunistic network, in the BusNet there is a stable fixed infrastructure for data transfer. The bus routes are regularly serviced by scheduled buses barring a major disaster which is an exception rather than the rule. Therefore, the BusNet is a stable network and it has stable network routes. If not for the mobile buses it can even be called a fixed network.
Zhao et al. [10] also present a vehicle assisted data delivery system for vehicular ad hoc networks. In that work the vehicles are used as data carriers and the route to the destination is set up based on the ad hoc connectivity of the vehicles. In contrast, the BusNet not only delivers data it also generates data and furthermore in BusNet we use the stable transport infrastructure and does not rely on the ad hoc connectivity between vehicles.
CONCLUSIONS
This work is motivated by the observation that in Sri Lanka one of the main reasons for the deteriorated condition of the road system is the lack of continuous monitoring system of the surface condition. The BusNet, which implements a sensor network on top of the public transport network is ideal for monitoring the road surface condition; the sensor mounted buses use the very roads that we want to monitor. We designed the road surface monitoring system based on the BusNet. In this system one of the heavy users of the road system and hence a major contributor to the deterioration of the road surface helps in monitoring of the road system. A few hours of latency in BusNet is not an obstacle to this application because the data gathered on road surface condition are not needed in real time.
BusNet is a novel approach in building vehicle based data network in the sense that the sensor system which collects the data and the data themselves travel in the vehicles. Even though it was initially designed as a sensor network to monitor environmental pollution we noted its potential in road surface condition monitoring. We believe that the BusNet can be used for other sensor network applications that are delay tolerant.
The relevance of the BusNet is not limited to developing countries. It was not proposed as a solution to the lack of communication infrastructure even though it also solves that. The BusNet reduces the cost deploying a large number of sensors by replacing them with few moving sensors. It also solves the management, maintenance, and the security problems associated with a sensor network deployed over a large terrain. These are generic problems and the BusNet is of very much relevance to developed countries with good communication infrastructure. However, the road surface monitoring system that uses the BusNet is of more importance to developing countries.
